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1. ҮРЕ LAN 
It is apparent to w:youe Mho hae зееп ап х-га 
picture th^aut bore sbsoros more mediation than soft 
tissue. However, tne tiawue Jose at any depth below 
the skin is eultmated aSM@uelhg thwt ace tumor it In 
an infinitely lesrge homorénecus pha&uvom cf tissuo- 
like meterial. This 'phentom!' is usually weater or 
water-equivelent materiel, lt haw been recognized 
for a long tine that the assumption of a homogeneous 
phantom inadequately represents the complex structure 
of the body, and that account snould be taker: of at 
least the larger discontinuities of structure associ- 
ated with the skeleton and the air-filled luny tissues. 
Spiers (1, 2 ) has shown that powdered hard bone 
of the human femur has a much gredver absorption coef- 
ficient Tor iow euerzy molochromatic x-rays than ex- 
cised muscle or fut tissue. He determined the absorp- 
tion coeriicients of tne v#¥rious tissues using a pair 
ef Ross balanced filters. Spiers useu the wave length 
band between 0.42 and 0.43 Anystrom uuits and obtained 
ғ hass absorption coefficient for vone which was approxi- 
mately four times tnat cf muscle. Based upon this one 
expeimwental fact and some sort of assumotion or the 
electronic content of wone, Spiers made extensive cal- 
culations coneerning tne energy @baorption in air, 
muscle tissue, fat tissue, and bone. From this he 
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deduced that at low x-ray energies (100 kllovolts or 
less) bone received three to four times the dose re- 
eeived by normal soft tissue. As mentioned above, the 
relatively white outline of the bones in an x-ray pic- 
ире confirms Svier's suspicions. But wnother energy 
absorption is the final parametor of radiation dosago 
remains for future clarification, 

In comparison with many other tissues, the expori- 
montal investigation of the radiosensitivity of bone 
has boen limited. This is due primarily to the fact 
that there is no obvious "reaction" as in soft tis- 
sue nor erythemal dose which can be observed clini- 
cally by relatively simple methods, Hence a search 
of the literature is indicated in order to detrmine 
and evaluate the experimental and clinical evidence 
of the radiosensitivity of bone. 


II HISTCRICAL REVIEW 





1. Arthur Desjardins (3) gives a very complete 
review of tho literature up to 1930, He reports that 
Perthes in 1905, and Recamier and Tribondeau in 
1905 demonstrated that bone growth in young animals 
was definitely retarded by roentgen rays, but that 
no perceptible histological changes could be found 
in the hard bone due to radiation, In 1906 Forstor- 
ling exposed half the body of rabbits to irradia- 
tion. The animals exhibited marked retarcation of 
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growth . In 1910 Cluzet fractured the log bones of 
test animals, and then xposed the hnimals to local 
irreaiiation at the site of the fracture, Callus for- 
mation was delayed in the exposed animals. Then Clu- 
zot first exposed the legs to irradiation and thon 
caused tho fructure, callug formation was again de- 
layed. This was taken to indlcate that the rays act 
on the bone cells and not directly on the callus. 

In 1909 Krukenberg carried out frrailation on dogs 
and produced the typical retardation of yvrowth even 
when the dose was less than that required to cause 
the skin to react. In 1929 Wynen bored holes in 
thick bone and inserted tho roots of horse beans in- 
to the holes, similar roots were inserted through 
muscle and both the bone and the muscle were exposed 
to tne sano dose of roentgen rayS,. At first the seoi- 
lings grew at the same rite, but after the eighthday 
there was a marked retardation in the growth of the 
seedlings placed within bone as compared to those 
placed within muscle. Wynen concluded that the seed= 
lings in bone received a greater amount of scattered 
radiation than those placed in muscle. 

26 Colwell and Russ (4) state that adult. bone is 
relatively radioresistent to x-ray and that injuries 
from this cause are rare, since they have not observ- 
ed any injury to bone or cartilage out oi hundreds of 
eases of irradiation of mammary cancer, However, they 


- 5 « 


‘>. "> -—— 42 swans Ol a . м 
Aue. 6 du ctu — pep osa d me opo rud 
am VAL ясманб к. ы өз M de eddie dion) 
Әм САГ qe TIng BASH C oio асым Me mom 

— - (vL) lem) 9 QA 4S o Tees 260 
тәй) tibete s= niei s mida amt omis d о 
الم سه س‎ ien! (de e^ тваі але ы almum 
ALL MAR Gb оаа) бан bie dt ah a^ ع‎ 
Ow om mihi дь لها‎ а puree ا٤‎ oS 
Ld SES I на дл M xa 

сі асы ered al MOL a Fue ed оч жий 
— Amn? ıe (i00 435344 „ЮМИ اشم‎ od 

Es SB EE E -A E EM E 

AMAS sr sat LO u4 ee МЛ 22 mos uli 
on? {сэ temm тө” al míos cue letum е «ат adi 

_ —-——d má lanes ва вто. едн ls» dami moi dren 
Саты! 44 Фаш, terme = КАУ Кал со р еі 

= = sinat a iti meu) a mta Dio 
iom tune Amas йыл» |А) سا امد‎ өмі we 2 
пел тез яз сей cp ormet€dbesoncisr Aerial 
vies). dens yw) md «ойіз жж rid asu ebad awril 

le алеп! Lo dv A&ALDPIAQ wo wmo/ o? УРАЛ (22 38 

0063 светавой „топко рдан меза! авт) DS веко 

=e 








go on to state that the unprotected hands of the plo- 
neers did develop undue fragility and decrexsed bone 
density. This was attributed to vascular changes which 
іпраігей hone nutrition. Hence we conclude that Colwell 
and Russ are of the oninion that adult bone is radio- 
resistent, but that radiation may cut off the blood 
supply to the bone thus causing an indirect type of 
damage which may become evident after years of chro- 
nic exposure as in the hands of the pioneers. 

Se Watson and Scarborough (5) discuss the sub ject 
of osteoradionecrosia very thoroughly. They attribute 
the development of osteoradionecrosis to irradiation, 
trauma and eventually to infection. They report that 
Rogaud considered lamellar bons radiosensitive, but 
that Nageotte considered bone cells more radiosensi~ 
tive than the lamellae. Ewing agrees with the latter 
point of view. He belioves that the bone cells are 
killed first and then the changes in the lamellae fol- 
low. According to Watson and Scarborough the follow- 
ing histological changes are produced in bone by ir- 
radiation: 

8.  Periosteum 1s highly susceptible to irradia~- 
tion., After sizeable therapeutic doses grossa swolling 
and thickening occur and the periosteum strips easily 
from the bone. Histologically the inner surface of the 


periosteum presents a thick hyaline layer without 


- б - 


Фе Wa 124 Aud Mesidor» e «өзі mi ve ed m © 
wee («corp Am г/т: gu Ir Bib Wow) 
acie bab Анны оз POI! n AD yet) sond 
дета ^ed Qh Lanny we cdm ved Los ag көздеуі 
Rl IM Lag c 1 іу 1 іа» 
соба omi Тоо Мр фаз SVAN Аом шы admi etes 
en’! ambo) со адан ту «pO. «D 9 Gb 
«рер То олай SOFA amr: жоғы! co МА} буш} 
sa emm). uo C mum nd wi mm cero ов 
Зин п анте ЦЬ ій) қытчомыж ікә сыз, шч 
өм vel ester pey alg smd cmm Ìn 
S "Bg Nu nu beliga 
allot выр Шулы ny am OL дача „4 
Ч 09 "езі сі боону өп нр Lealoo nfs 
- = као (лае 
роти алаама ы авн о 
леш ааа А лалар eet 
В, бі ім» тығы sinea kit pan 
wad %ў эол» їчї. м4 (iisplNGADIAAU ined таз тт? 
o Adijo erin’ тыи) аз МЫ «sane sony, mrererineg 
Mt tin ус te 

















cells, ihe 1ауёг of osteoblasts usually found or the 
inner surface of the perlosteum in contact with the 
bone may be absent. This explains the іатк of bone ro- 
generation, The arterioles may be stran,ulated bj 
pest irradiation swelling of all the coats comprising 
the wulls of these vessels, 

be Bone exhibits osteoporosis following irredía- 
tion. The trabeculao are narrowed end irregular and 
the volume of the fatty marrow is increased. Exten-~ 
sivo obliterative sclerosis of the nutrient vessels 
takes piace, Bone cells stain poorly with hemotoxylin 
and eosing The lemellar bone appears hyaline and very 
brittle. Canaliculi sre closei and the capillary cir- 
culation is imperfect. 

According to Watson ond Scarborough the bone has 
a definite and pecullar gross liistolosical architec- 
ture somewhat as follows: 

Bone cells are derived from osteoblasta shich 

have been inclosed in a bone space or lacunas 

These bone cells are connected one with the 

Other and receive nourishment through very fine 

processes known as canaliculi, The outer surface 

of bone receives а large portion of its nourtsahe 

ment from the periosteal blood vessels which on= 

ter the outer bone through Vollonann's canals. 
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The bleod vaasels cf the haversaian cemals and the 
outriont ertery suyply the deeper погііорз of the 
bone amd marrow, This blood system forms rich 
vascular net ork enclesod in « rigid framework of 
bone tigsue, the structure ef which makes it highly 
vulmerajle to the effects of irradiation, 

4, Юс1л& (6) believes that the cualciw contont of 
bone makes it more echsorbent to radiation and that seats 
ter from bone 1s inerossed in the form o7 soconderiles 
яБҺісі 'ourn'the periíostounm , 

Oe Dalby et al (7) were the first in Americe to 
repurt dumage to the bone due to irrudiexbtions They site 
fourteen oceses of the fracture of the femoral neck 
following irradiation. It is their contention that this 
ig a significent finding sinec !t répresents an inci- 
dence of 2.1% and they maintain that the normal inci- 
dence for tris age group without irradiation should be 
0%05$. They alse roport thet the aversge tine interval 
from onset of peivie melignancy to freeture was approxie- 
mately three years, the patienta were from 42 ta 78 
years old, ond that none of the patients showed any 
aígn of callus formetion ttn months after the fracture 
was observed, The ratiation omployed @ag 200 kilevoelt 
Жегауе Pith 045 mm. of Copper firzter, Tee dose was 209 


P to asch of four areas every Teco tc fourtia day until 
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fod of approximately опе month. Two or three such 
series of treatmenta were given at intervals of 
three to six months. The total Jose ranged from 
7,000 r to 22,000 r. Soma of the patients were also 
given redium treatment, but Dalby and his collabora- 
tors believe that ridium as generally employed ( in 
1936 ) probably had little effect on the fracture of 
the femoral neck. They base this hypothesis uvon the 
fact that three of their patients Geveleped femoral 
fractures without any radium treatment receiving only 
200 kilovolt x-rays. Dalby reports that the area of 
fracture showed pseulourthrosis, rarefaction of the 
bone substance replaced by plentiful connective tis- 
sue deficient in blood vessels. Nead of femur showed 
absorption of bone and widening of marrow spaces, 

5. Stewart (8) makes the statement that osteora- 
dionecrosis is more prevalent ( remember this is 1938) 
since the atdé@vent of ‘high voltage' roentgen ray the- 
гару for the treatment of cuncer., He also states that 
Dentists, who do not use roontgun rays (still 1228), 
nevertheless are the first to rocognize and report os- 
teoradionecrosis. ile also makes the statement that пес» 
rosis of the jaw 1s brought about by radium, roént-en 
rays, arsenic, phosphorous and thorium, but he cives 

no suostantiating evidence for these statements. Stew- 
art claims that of the bones of the head the maniible 
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із the moat redionens!itive ( since lû hws tho poorént 
circulétion ) nuxt î the gerdop of sOnaitivity is the 
waxilla ond fimmlly the bones ef the skull ave consi- 
дөзей іле most radioresistont. Hovovrr, it should ba 
noted that Cémp(9) has герсгіей five cases of necresis 
of the colvarium from irradiation, and in this connec- 
tion Camp states that since tho oculvaurium does not 
Yumction as a weight bouring etructure the synptons 
of necresis sare ligtle to be overicoked. Here is whet 
Stewart has to say concerning the changes that occur 
іп bone following irradlution end concerning the strue= 
ture end phystology of the bones: 
Bone receives its sreuter portion of nourishment 
from the periosteum and from nutrient arteries si- 
tuated around the enis of long bones suppited by 
the cepsular arterics,. The marrew eleo eids in 
bone nutrition. Vascular anastoniosis in bone is 
elreumecribed by the following tWo conditicnss 
abarnee of large interconmuniceting vasculer 
channels; and reletive constriction of lhe chan- 
nels by non-expansive bone structure. The brar- 
ches of theo h$versian systen are onelosed by 
bone lamellae in which are found lacunae contains 
ing bono cells. The lacunae intercormunicéte 
through fine eandlieuli. Bone has a relatively 
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high c&l51um content whloh has a high tomic relight. 
According vo Swing calcium produces an umsuel am 
ount of seconiiry reiiation and із 1033 penetrating 
and is more caustic. Mmdlattion osteitis is proguced 
by < combindtien of raciution and infections Dead 
Бона Гитога yrowth of bucteria throughout the ha- 
vVérsian system including the cangliculi. Sirong 
lrradietion of bone 41] cause precuctive osteitis 
ehich ig uSuglily Tellowel by hetlcéalblé thicxening 
ef the Shaft of thé Sone at the expense of the nar= 
row cavity, Tee use of intense rafittion lm or about 
tme Sune, cépecially #hen infection is ilebie to 
follow, Should Se ауос1лез. Оайотосфіоп ог cercinema 
oy radlation at the gingiva rearly always causes 
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f the corresponmdlug segnmeut of Sone. Those . 
body tissues and cells which have a less extensive 
Vasculir supply anl anastomosis havo a lower thera- 
peutic ami pathologic eafety factor. Tiasuec ісделп- 
Өтебе physlologlenlly ant structumalliy when the 
bigod supply ts insufficient because of the lmpair~ 
ment of venous return, Present knowled eo (as of 
1950) оГ the anemias and of generalise’ infection 
of боне demonstrates “hut bone must ‘et be cinssi- 
riod bs ah ілег% 805804006. Done ic probatly one 

of the most highly specialized tissuss in the соду. 
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7. Cap (9) газета m. ive cases of redlasian 
пестсяі8 о” Khe әсшітесіке. 7e blicevi Qut tula із 
dee primarily to atraneulation of the 5lood vasBoul&r 
вугіеа іп tbe erwe by valle Clone Ue believes hat ra- 
diation is able то prviluce prefound chengaa tn ‘he ie 
mellar атгиссыте с? tlm bone LM vrendts if very brite 
tle, "he lelicnte cellular precessos in the canalloull 
are especielly susceptible te rudialion avcording lo 
Camps The long delay in sequestration um) rowistanee 
of the tissue to solution gre probably the result of 
injury аза selerosis of biood und lypph vessels in the 
hiuverstoan system, periesteim und surround’ ng tissues, 
Camp states that in viov of the deileste nature of tke 
cytoplasmic procesz2o0s connecting Lore cells through 
the fine cenflicular systém,on which the eetivity of 
the bone matrix 18 dependent for nutrition, the canvor 
of injury to the bone by direct and swccndary rays is 
apparent. His patients who showed necresis of the cal- 
varium recoived doses which renged Гром 500 г to 15,000 
г (іусп оуег а period of months et the rote of 220 г 
in forty five minutes using 299 Kilovolt xerays with 
Little filtration (Oi5mp Al). Hecrosia wes “discovered 
five, ten or fifteen yours after irradiations 

8, Streves ecd MeGolirick (10) st«te thet 1f enough 
Pesiotion ia atministered to bone, ího v.sovlor, porios- 
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teal aid osselus changes will result in вегісциа compli- 
Cations. They Scwek 1na tancs ©. tive fracture of the 
femoral nèc after roentgen спорару. Shoe Luvolved bune 
had wot bwen Luvaded Uy SUUvintary мача шз, Tito! ul o16 
Strauss and мәсо.вагізк assumed Оо the lracture мав 
caused уу irvadlacions Trey also report а регзопат сом 
munication trom Pack sno wentiums five сьѕез of rid 
fracture following rudlaution tinerepy for mamnary cancer 
(which iigcocunts somewhat Une above-mentioned state- 
ments of Colwell and Auss). Tney say that roentgeno~ 
grams arð of litvle value in eurlystages of the il- 
Sease, indivating that o’leorauioneciusig Ovcurs jeurs 
after iriadiutlone 

Э.  Aecoriluy to Bloom (11) many iavestigetors have 
Peportec the effects of x-rajya on growth of the long 
bones, bul few hive at’ empled to зоггејабе :лезе dffacts 
with olstologicel chngos, Пе also makes the following 
Statement: “ sees the stuntung of tone giowta nas freq- 
мөпё1у been Geseribed as an effect of x-rky treatment 
алі dgemomtirited Ly roentgenogrems, &l'hough histologi- 
Gal observ-.tions vere often incomplete and с а 
Fy " Blcom repa te ist maximum Gamage to Ше bote 
e@eurs ей тіс @Powing @uc. Im rats exposed to GOO p of 
fetal borg x-radAstion (eich 18 І0-0/27 liye) Rlcor. 
four! тозе ü6ad »$*eocytes in the lamellae о? the gror- 
giosa Dut net in the Jemse cortical bones Не also found 
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that Osteotliasts disappeared afver irraulatiun out grt- 
Gually reappoared afler sume weeuass ..c “escriles the 
eflect of 600 г ог total body Imrpadiation on the marrow 
ОҒ .Me rabbit ав tollows: " The mejor effects of exposure 
to BOO r of x-rays (SOOLVY unfiltered), the LOgo/ -? uays 
for sabbits, were the destruction of most of the Lemato- 
poietic ewllS amu tuelr replacement cy а gelatinous type 
ггоч, mich later eas transfcrmed into а fatty паггон 
dn waich Semutopociectic cells began to cegoucrates ” Zloom 
believes Shei. since tue depleted sarrcs ийа 11298% герізсе- 
ed 57 gelatinous Matérial ава them fut sella, then these 
fat cells must оо аззосіаоеа Sith tie beginning of re- 


pair effects, 
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bsoórotlob of t матчу 

in уь ОГГЕ, tíbgue?f Sieh As Зоп@, 20618, эфс;, 

it is песоя! Егу to Мате 61. @сеззлгё&ї%@ knosledge of &osorbp- 
tion coefficients as a funetian of вать гау nêrê] 


A 


4nd atomio :usaber of [he absopb0sr, The expreasion for 


ebsorntion Of ragietion, ûl/dx æ m£, tucitly assumes 
thas raciation removed from the bown is absorbed. In 
reality, howaver, the 's>soroing! material may scatter 
гайізбіоп ай well a8 Absorb it in а Manner someghat si- 
Milor to ths effect of grount glass on visible light, 
Henco bf absorption wo sre referrir,; to the reduction 
in intensity of the iucidént beam as It passes through 
matter. The mass absorption coefficient, w/d , repre- 
gentm the sum of all the processes dy whlon radlatloa 
is rmiueed in intensity in passing through an absor 


ber, where 


m/d a p/d r з/ах а/а ооо о зоо е= оэ ө ө За L 


me total «bsoPptlonun coefilclent 
p « pLotozlectrio absorption coefficient 
8 - Compton scatter-a&b3orption cocíffislont 
q = pair production coefficient 
d s density in grams$/cubic centinoter . 
A study of the literature reveals surprisinugiy 


large Giscrepanciev in the absorption coefficients as 
quoted by vurlous authors, Theoretical formulations of 
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the absorption coefficients may be inerror by ten 
percent or greater for the higher atomic number ele- 
ments» The main reoion fer thig discrenancy is due 
to the vericous approximations which enter the theo=- 
retical eslculstions of cros#-sections for phote= 
electric aisorrtion ang for prir production. 
1. Thotoelectric Effect 

Jaume rays of low energy sere nbsorbed 
mainly by the phetoolectric ciection cof orbital elec= 
trons from atems of the ebscrbting mecium, This 1s & 
resonanee phoromene in whith the energy of a rhoton 
4g transferre2 to a single electron, ejectin- it from 
the atom. At very low energies the mot probablo 3l- 
rection taken by the ejected photoelectron is normal 
te the inoident gemme roy ( becouse 1t is o!octed 
parallel to the electric vector of the electro=maeg- 
netic radiístion). As the energy of the паста гау is 
іпетерзей, the electron is accelerated br the elec 
trie field an before, but 15 18 now also deflected 
in the forward datreetion by the macnetic #1911 вот- 
ponent of the ineident photon, where the forward dis 


roction is teen as the direction of the {пої ои 


Mettlor (12) states that the nhotoelectric 


cross section of the K ehell 16 proportional to 75 j 
where Z is the atomic unumbor of tho ebsorbing olo- 


mont, In arriving at thia conclusion "e'tlar assum- 
- 16 - 
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ed thet the Worn approximation is valid ( thet is, 
2/137 is very much less than unity). Bulme (13) mado 
exact calsulutions for the “етүйер elements using 
erpins up to 2 Mav and he соле) мйей that he theo- 
ry bases upou ts Corn apprenimmtion wich ler’ to 
tlw д5 postulate te at best only an order of magni- 
auto ostlante of the photoclectrtie cross sention. 
беудег (14) suggests that the 19 tiae! мау actually 
approximate the photoslectric eroas section for low 
atomis meeber oloments if She Swutor Corina is used 
send multipiiod by the Strobbe correction factor( both 
referenced in Snyder's publication ), The offect of 
the clectror Jklle other than thé X 91011 мау be 
Calculated from the ewpirical relation thet the FK 
311021 13 responsisie for about 204 of the tot»l ab- 
secretion. Tell and Tarita (15) have obtained some 
ewworetical justifleation Гог this rules The above- 
mentioned cenmsidersetlions indicete thet Tt le diffi- 
201$ 5o evyeluct® tme accuracy of tBeoretics! calcie 
attona of the photoelestric absorption coefficient. 
Іп general ths existing theoretical calculations ore 
eonflrmed Dy expesíment within eerrow limita , but 
errors of Sf for light elements and 10% for ihe hes- 
vier olomoerts nay be expected. Cuykendall (16) and 
Jones (17) huve shown from sxmerimental corsidoera- 
tions that the photoelestiic ebserstian coefficient 


iS w6li described for a limited ronge cf Z, and іп 
- 37 - 
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the linits of the x-ray wave lengths by the empirical 
formula 
p'a k z“ a" ооо Ө чееәоее%е:е%евее Бап 2 


“Ге, р! e p/atou 
а в vavo length of incident radiation 


ua f( Z, a ) 

vsg 2,28). 
Cuykendall measured the mass absorption coefficients 
for C, Wa, Al, S, K, Wi and Cu using a 600 kilovolt 
x-ray source and solected wave lenythsa of from 0.05 
to 0.209 Ae Cuykendall indicates that ‘u' is a slowly 
varying function of the onergy where ‘u! decreases 
Slowly from a value of 3.9 for 0.09 Mev to 5e56 for 
0.20 Hov x-rays for the relatively light woight ele- 
ments that Cuykendall used, ihereas according to Jones, 
who used higher atomic number eleme nts ( Z greater 
than 40 ), ‘ut increases slowly from a value of 5,55 
for 0609 Mev x-rays to 5288 for 0.<cO Mev radlations 
Hence we are justified in our above-indicated notation 
that ‘uf is a function of atomic number and wave length. 
Cuykendall also showed that 'v' has a value of 2.6 for 
Aluminum and changes to a value of 2.85 for Copper. 
Jones indicates that 'v! hos a value cf 2.79 Гог 2 = 41 
and slowly decreases ( but not linearly ) to a value of 
2.60 for Z : 82. Hence we are justified in writing, as 
above, that Iv?! is some sort of a function of atomic 
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тгедот-г Kad wavB lencth ( that 12, У з g(Z,k) je 
Spiers (1) uses a formula eitribated to Welter 
(1909) wheres the photoelectric abaergtion coeffi- 


сілюі of im өлешле уду 26 №? 


»psi&Auc oma 7598 49 ر‎ mnm" г 


Е] 
/» 


t'en s3 follows: 


"hers 


A з atomic «eight of прогр 


229 


К & AvtgaéTo'a bor а 0,025 x i 
de density 


€) 
1 > 4 4-96 E 2 " 
Be 2:56 x 10 «неп а іс given ГИ Ankstromns,; 


Іі: 4пюо.14 54 re«xmembr^ej (ibat Spiers, in using the ree 


lottom of Walter, has tacitly siewhed that ‘ut md 


b 
> 


'y' of the Cuykenial relation ( seo Sen 2 ) ero cons- 
tants. Gtler empirical forsulae of ‘he Base ebstrption 


coefficient are aa follows: 


в = әгботиу 2i Мет 


Ux е Ё dbeadrpetion leb Та "sv, 
Есі 4 міз advknuced b, Grey (18) in 192 
Lea (19) pr@romet the following equetions in 1947: 


р/а = GI/A) (1, 48х10796 2 261 Qn ) 2544209222 uon 


Ci 


"hore п g 5605 for elements бу М отм О 
ng 9400 for 9iexeuts Prom Ла Vo Ге, 
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Hownver, Lea also stetes that the photoolectrie b= 
sorption coefficient flor vie different compounds have 
aifforumt foremlations зоб «a; 

5.05 Ж 0.41 42485 
9.05 


(n/a) ef alr g 2.05 a 
ір/4) of water = 2,90 a „е» Бола 6 
(р/а) ef wet tissue @ 2696 «999 » 9.27 12495 
(p/d) of virus protein g 1,56 д?* 25 £ 0.67 д2*85 
Victoreon (20) nroposes the follosing formulation: 


а Фозпороооо зо о е абл "7‏ ى 


р/а а бұ а 
"перс 

3 = (1/а1а:)(5 ебИзей ) (ИИА) 

2s (2/аараҙ) (2 ө2 да? ) IA) 
«йота 24, а and ag are the ovltical .ave lónjths such 
that l/a, s n(2-t)P(i/nf - i/n$ ) yf 

R &*(z-6)* (2/8 - i/n$ )(1-5/4)4 ..) 

where A s Rydberg constant 
Ge screuning constant 
ni end n; aro integral quanta meabers 
& = Sohr-Somprfeld lino structure correction ror 


hydrogin-Like atous. 
Prom а sbudy ОГ tha alavê mentioned formulas for 
Әне photoelectric abyarption coefficient we see Yat 
e latter 18 rowlly о function of Z mA A, And that 
ЛЕ езреі foywelatiou exists lor thie croys зов опы 
For'unately et high@r Snergies sni zt low or aoderately 
iow valves of 7 wit whick e &ro concerned, tim iio tos 
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electric absorption coet'ricient 18 relutively less ime 
portant than the Compton scattereuvsyorption coveirieiant. 
2. Compton Affect 
In the Compten өгіоес the plovuls La Got abe 

sorbed but instead undergoes a reduction in vimevyy afd 
a deflection from its orlginal direvcloa, sive a coille 
mated beam of monoergic gama rays efeer craversing an 
absorber is partially uegraded in ehwryy ano spread 
over a wide angle оу scattering. Чолрбой first jiescribe 
ed this in lwas py considering ine Luterauc lion oe tween 
the photon and tne electron as û 014851241 (ғо оо2у 
collision, anu aerived tne following reletlon vetveen 
the scattering angle and the chauige in wave iengih: 

а! - à z (h/mge)(l - cos &) s O.oz4c(l < соз ©) 
where вв Ма 8 

& s angle of scatver 

а! апа а эге tne initial amu scatlereu wave 167455» 
The factor h/mgc = 0.0262 angstrom, wow аз Lhe Conpe 
ton wavelength, is the зиігт in wavelength Lûr 2, “ome 
Ша гау scattered through ви male Ol niuety uegrees. 
Тһе scattering angle лау беке eny valuo from вого оо 
рі. Aeeording to Sirti (22) “",., 1% із аррагсас thet 
on the average after one or two vollisions, lLigu-onur- 
ЕУ gamma rays are degraceu to waveleugluns in t2 97 or 
of a Gompton wavelongtus. Curtier geatberin, then "зв 
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losamurved effect, and the photon 1s more likely to 

be absorbed subsequently by the photoelectric effect." 
^ cunntum ewec*aniíos] trentmant cf senttering 

thst 19 velfe for ell presen rey energies hes been car- 

pied оу: ыу Klein one Miahina on the beets ef Dirac's 

reletivistic theory of the electron, end the formilae 


еге “іутп belcw ( om indteated In Siri's text ): 


a/ê =æ (2,4) бе “ТҮҮ Г ГЫТ ЫЕ. WW 
where 
fe 3 total Compton sortter=sbsorrtion coefficient 
; мар f 1zotron. 
to 2 yfo ^ 4o 45222.%.4.4... Жап Фа 


hera 
a% = fs the serttering eross section arising from 
the loss of photons son*terd out of tha inei- 
ісі ŞO of radtattion, 
gg z i3 the ebrorrtion crass section which recounts 
Гол the reduntion in intensity of the Inrident 
bean fue to loan in aneray suffered dy the 
‘erttered photons witch make inelastic col1i- 
stona with the slectrons ef the азот. 
S, s )ر‎ (1 Z &)?/ 61 20%) = (1 Z &)/ 89 1n( 2 9%) 
-(1 2 за) /(1 4 9)? / (1/2x)1n(1 7 2&) ) 
where cio gy I Gb 
у:27 о“ /„2о& 


* s hv/m.c? в 1./0.51 поте Е 18 40 uev 
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e uu Fem dif a iini v 2-4 
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50 а(1 3 а)2/ 2201 ¢ om)? -02 / 5&)/(х + 2R) 
Z (L I Z a a)y RR A 28) 2 
= 4%? / 3(1 $ om)? ~ 
-( (14 8)/ 8&9 = 1/2% Х 1/28) 1 Z 29) ). 
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2.4.......а. қа 20 
Prom a stufy cf the gb»ove eqwgtionas $t ig evident 
“rat Зе Із tn@enendent of f, во that once it w öil- 
culated f p desired enarvy rence tha ?urye may be 
applied to sny sb-orbine "material Sy multiplying it 
with the snoropn"istio constants, Tt is also apparent 
that s, ts aineetiy »rono"tiongl бо the electronic 
Aans ity of the жото ан чвйілге. 

Sinem She obfeatives of this “thesis depand 
to a large extent unon. the validity of the Compton 
eeanttsre-rogorrtion coefficient, s smarch hes been 
mde of the litersetura to determins the aeccwracy of 
the Klein Niahina eqvastions by notine to what oxtent 
the celculsetel velves anren with the exnerimental 
resulta. Hewlstt (22) aa well as Allen (2%) hava 
maseret tho abserrtion of low energy radiation 
(0.12 Меу $- 0.94 Mov) in Garbon, ond their experi- 
mente] findings acree well vith the Kisin Xish'ns 
ewisttons, Leuríitsen (94) corfirmed the enuntions 
for gamma ray energian of from 0,24 Mav to 93459 Mey 
using Cardoen and Aluminum as the ehseerbers. Parking 
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gon (25) duterained the теж егіп oross sectícn in Al 
using gamme vay опогшіев ог 1.11, 1.71 aud 376 Mev by 
two inijoeronieut wetho!s gz1 found hís measurements in 
agre==pnt within experimental error with the Klein Ni- 
shine сопак 0п3. Ather ~aferences Whith have also conr- 
Гігтей the Corsmlation are: (26), (297) and (08). GD. 
Adams (Sib torie? the Commten absontion=sceetter сое?Гі- 
eient ot hich onorz tes ( 11 Mev to 29 Mev ) using x-rays 
from г 2? Mev betatron, He found that the exverimentel 
Walues of tim tothl Ghserftion coeffictcnt in lead таге 
beo low пе сот ог to the theoretical commtattionge 
However, Adams concludes this discrenanecy is me whelly 
Во the errore tnhersnt in the eompututíors of? the pair 
pPo8neti^nm ooeffiol^nt, and tuat the Carton scatter~-ab- 
gerption coocffietent as eslculste? from the Krlètn Vishi- 
la relation agrecs sell with the exneviret al results. 
Hience w2 have indiceted by this survey of tle literature 
That there erists definite proc® cf the walitity of the 
Rhein Wiehina formlet for an energy bE of from 9.50 
Mev to 20 Мет. This tyre of scourncy ta not -ossible for 
me ~hotoelectrie or veir pro @urtion coefficients #hich 
remsgin nt best @mmirice!] in usture. 

5. Pair Production Ufrect 

“hen s jami vray ig acmpleteiy aveorbed it may 
ArT rise te an olocttron-rositron pair provided the ‘ne 
Cigernt nheton hes an Initisl и юубу of 1.02 Mev or grr- 
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кет. De'ne am Deiítlar (30) give the following for. 
Hla for be vwir production 0ее771с16п5 using the 
Sorn eppromisatioñ: 


1 z (20/2) & го 7941-22 - 109/ t^! eecrese Vac 11 


Sines ite Born appresination is wot velid for Ahe 
higner «bomi пож“ 61000749, the tearesiaal esicow 
lation’ of q gre not afpected to corformm te the expe- 
~imenthl vsluss eepaeisAlly for the hie»er Z valued, 
fovume (22)emo Meneured ebsorntion cocfflelents of the 
&lqments usinr Wish enerry ruante, styles mat the calle 
cvuleted vulve of the reir pro®ucttion coefficient is 
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An approximele formule Гог tde commutation of 


іле рйіг profuction cosffielant wer eleetron fer radi- 
atian энер цр 60 5 Шу ave byen piven by Mirach- 
felter (40) which ig we fellow: 

q/sloetpan = 2,97х107 88 Z(B. - 1.19) steve Sam 32 
where 


в, = energy of inciaent pnotons in Mev. 
Therefore 

c/a = (NZ/A)(a/electron) z (NZ/A) а vr Eanl2 a 
which shows that according to Hirschfeldor!s approxima- 
tion g/d is proportional to 5%, but note that this ар- 
proximation is not valid above 5 Mev. For higher gamma 
ray energies ( where E is much greater than 0.5 Mev but 


„м 


less than 157 пос 2 3 ) Heitler and Sauter (33) have 
given the following equation: 
qs s (e^/moc^)^(2/157)( (28/9) (1n(2hv/Z) -2/27) ) 
444....ш.,гШх4. 19, 
We note from the foregoing considerations that since 
the electronic Compton absorption-scatter cross section, 


3 is independent of Z, then Compton scatter is rela- 


e? 
tively more important in low atomic number elements, 
and photoelectric absorption and pair production are 
more important in the high atomic number elements. Res- 
ponsible for this is the fact that Po is proportional 
approximateiy to 29 and q, is somewhat proportional to 
the first power of Z. 
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Eqn 16 


(m/d) Compound z (WB 24/ A, | 5 


Spiers hws vreerttton Eun 16 és as follows: 
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where 
Са = fractional біветтог serignt of element 21. 


а "1 21 y A3 (9323/43 P «с2-/Аз - --- ). 
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18 9.5. І% із my suggestion that no attompt be made to 
assign any effective atomic number to a compound , ins- 
stead , we should content ourselves with expressing the 
mass absorption coefficient of a compound as follows: 

(m/d) Compound = No ( Se Ете? Qe ) ese Eqn ZO 
where 

По = 2 Ny 24 м: / Aq = # of electrons/gram of comp. 
It is interesting to note that по is a maximum for hydro- 
gen, therefcra any compound which has a high weight per- 
cent of hydrogen will have a largo Compton scatter-absorp= 
tion coefficients All other elements have approximately 
the dame ny since they all have their 2/A ratio equal to 
approximately one half, but the Z/A ratio of hydrogen is 
unity. Hence the mass Compton scatter-absorption coeffi- 
cient of hydrogen is greater than that of Uranium In 
view of this it is just as important to determine the 
weight percent of hydrogen in a compound as it is to de~ 
termine tho high atomic number elements in a compounds 
This is because the photon undereoes multiple scatter 
when it passes through thick absorbers and the original 
photon energy is degraded to such a point that tho pho- 
toelectric effect becomes more probable, It is also our 
contention that the general practice of assuming that 
the Compton scatter coefficient, 45» (see Eqn 98) 1s not 
involved in the absorption process is not valid. It is 
my assumption that the concept of effective atomic num- 
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ber leads to confusion and should be avoided in bio- 
logical work. Since the approximate chemical composi-~ 
tion of most of the tissues is fairly well known we 
should focus our attention upon the electronic соп- 
tent of the compound and upon the relative weight per- 
cent of the constituent elements rather than making 


effective atomic number calculations of the compound, 


Ce Calculation of Absorption Coefficients of Some 


Tissues, 


A comparison was made of tho absorption coof- 
ficients obtained by the various investigators. It was 
decided that the theoretical calculations of Victoreen 
(20) most closely approximated the experimental results 
of Cuykendall (16) and Jones(17) for low energy gamma 
rays. For energies above one Mev the comprehensive work 
of Snyder (14) was considered satisfactory for our pur- 
poses. The absorption coefficient curves at the one Mev 
point were matched pictorially. Figure 1 shows the mass 
aosorption coefficients of the following eloments: H, 

С, NH, O, Na; Mg, Al; P, A and Ca, From these values we 
have calculated the mass absorption coefficients of air, 
water, soft tissue and bone. The results agree woll with 
the aváilable exporimental values. The following compo- 
sitions for the different tissues were assumed in cal- 


culating mass absorption coefficients: 
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Table I 


Ele- Z А Weight percent of compound 
ment 
Air water soft young average old 

tissue bone bone bono 
H 1 1.008 11.2 1060 8.5 5.5 5..5 
С 6 12.01 2,0 10.2 26 6.6 
N 7 14,01 75.5 4.0 524 1.0 2.2 
Ив 12 24.22 0.04 0.10 02.22 04,10 
P 15 50.98 0.20 4.5 8.88 14.0 
S 16 52.07 0.20 0.14 0.05 0.14 
Gl 17 55.46 0.10 0.16 0,025 0.16 
A 18 59.94 1.5 
К 19 59.10 0.27 0.06 0.0995 0.06 
Са 20 40.08 0-01 15.58 19,202 50.28 


In the calculation of average bone it has been assumed that 
25% of bone is water, 25% 1s organic metter equivalent to 
soft tissue and 50% 1s ash; and that the ash contains 88% 
ба» (РО); 10% СаСОз and 2% Nga (P04) ge This average bone was 
selected to conform to the bone reported by Spiers (1) and 
Wilson (34). As indiceted previously, the mass absorption 
coefficients of the above mentioned compounds have been cal- 


culated using the following type of general formula: 
m/d s N( ; (Z1w4/A41)8g + ka 24 м1 /А4 


f elig = 1.19) , Z7 w/ A4 


ег...ш.. Есті 21. 
The results of these calculations are dravm in figure 25) and 
in this figure ve have also drawn the (m/d - ,s/d) term for 
air and for average bone. Most workers choose to call the 
(m/d = 43/9) tera the 'real' mass absorption coefficient. 
2 Ма 
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Eowevor, it is our opinion that in the clinical appli- 
Gation of radiation to the human vody the real absorb- 
ption of energy depends more nearly upon the m/d term 
then upon the (m/d = ,8/4) term. It is true that the 
Klein Nishina relation states that the gs torm repre- 
sents the scatterins cross section arising from the 
loss of photons scattered out of the beam, but this 
applies to an ideslliy thin beam of photons pussing 
through a very thin absorber such thet the intensity 
of radiation before and aftor passage through the ab- 
sorber is not essentlally changed. Certainly it would 
be a gross exaggeration to assume that this applies to 
the actual conditions encountered clinically. In Table 
II we have listed the two ratios, 21 апа Po whore: 

г] = (л/а) ауе bone / (m/d) air 

го e (m/d - ,5/d) ave bono / (m/d - 4,s/d) air. 


Table II 

Energy in r. Р 

Меу Ё 2 
0.01 4. 90 5.07 
0.02 4.58 Gece 
0.05 3.51 5.52 
0.04 22.52 5.00 
0.05 1.38 4.40 
0.06 1.62 5.90 
0.07 1.44 5.14 
0.08 1.52 2.70 
0.10 1.22 2.95 
0.20 1.11 1.21 
0.20 1.05 1.07 
1.00 1.0 1.0 
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D, Devermimetiun of the Energy Spectrum of Dirferent 


norgy X-Ray Seana. 


Йе heve dotermia 93 the energy spectrum of 199 «lle 
volt unflltere’d х-уб/)3, MIU kv rilosred and 490 ky filtered 
x-ray beams. the Getails of the Ulffewent Soames are listed 
below: 
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0546 А. біпсе tic maxima enoryy oi tie beam is 100 ку, the 
Minimua wave length is 0645 л. J0 nare taxen into considera- 
tien all of the beam from a Wive length of 0245 A tO 1.2 Ae 

she 200 ку x-ray озон with 1 oma Cu filter hos an AVL 
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and the average wave length is 0.128 A, with 
the minimum wave leneth at 0.06 As 

The 400 kilovolt x-rays with 2 mma Cu plus 

l mm Al filter has a half value layer of 4.5 
im Cu hence its average energy is 175 kilo- 
volts and its average wave length is 0.0685 A 
with the minimum wave length at 0.05 Ae 

Vie havo neglected the portions of the bean whose 
wave length is greater than 1e2 A, since everything 
beyond this wave length has only a superficial effect. 
We have also neglected the absorption in air since 
this effect does not have any appreciable importance 
even in tne case of the 100kv unfiltered beam, The avee 
rage air distance in our experiments was approximately 
20 ст. 

The energy spectrum of the 100 kv, 200 kv and 400 
kv beams is given in figure 5S. Intensity in arbitrary 
units is plotted against weve length. The relutive ine 
tensities of the different beams are uot drawn to scale. 
A study of figure 3 shows that although it was possible 
to separato the 200 and 400 kv filtered beams only into 
two monoergic rays with a good deal of accurscy, this 
was not the caso for the 100 kv unfiltered x-ray beam, 
The lat.ter required separation into eleven different 
monoergic rays before the approximation was considered 
adequate for our purposes. The details of the seperations 


gt Ole? al Sigel уве мото ac Low‏ واف 
Je iyw. зун илири mend‏ 390,0 4„ 
mig ub ш Ж Ші ык 9206М1.2 CO ut‏ 
Het Io vogal тыгат аон в май теў IA om I‏ 
-DOLIU BTI AF GOT som odi podo sO me‏ 
A 0080.0 кі poi Жика Ox2da*a 031 La 89.10%‏ 
sk GOO de dipoe! owo» mumirio wadis adt»‏ 
coni waei sal Tr кп елу дг ӛкізіідей етеп ӨН‏ 
әлілтүсен» өзсіз .А 5.1 ом тојда 61 (Урлаг жүие‏ 
«Зоте Гао утесы д Час вай Итог over eid) haved‏ 
awaka сіз 03 ғолҘаесван wd) 6eisslsps беса eyed a‏ 
опто a£dofoovggo qu өүші os aoc тоно ВГ‏ 
sore ат mens Бел! Рза УОС wij Yé ажей mo ni өсте‏ 
VLelhnlicsone hau dna Femane wo ul әәлеініһ dite ewes —‏ 
om CS‏ 
СОр Әде үй 004 ,ү% С02 эй Cio nibe ni o‏ 
(сөзді ul prisnedsl i езші ЕТ пі пеуіу сі mäest vil‏ 
wat virales aT digol сүзе ізпізқа (еу9014 s: «dtum‏ 
.9Isoe ad твит ror ore amped dcoveli2h ald Yo weiitaned‏ 
slidlessg gow 11 Aires fal mwade 5 owuwli ts yusda A‏ 
odi Vino &maed beyellll vu Cob lala боё bni tiriti b‏ 
aid? xonauosa Ye [408 5009 а ИЗ agus olyesouow OFF‏ 
Sues pe beudlf үа ÖL att WF sear miy ge MAP‏ 
dawaettib cevafa òda? uoliswaque beafupen оф adf‏ ` 
ezollersque ei 10 aliidsh ect „вовостыц шо oit etka‏ 
-H -‏ 




















of the different beams as well as their intensitles are 


listed in tuble IV. 


Table IV 


100 xv unfiltered x-ray bean 
seperated into the following 


components 

Wave longth Energy of Relative 
in Angstroms ray in Mev Intensity 
0.16 75.2 20 

0.25 48.0 57 

О»55 54.5 88 

0.45 26.7 100 

0.55 21.7 92 

0,65 18.5 77 

0.75 15.0 60 

0.85 14.12 48 

0.95 12.62 55 

1.05 11.41 27 

1.15 12.45 29 


200 kv with 1 mm Ou filter: 


0„10 130 100 
0.16 75. 100 


400kv with Ou andAl filters: 


0,045 267 LOO 
0,16 120 109 


Prom the definition of the roontgon we have the 
following relation: 
r/sec s (1/k)mI 


where 


° э ® ө ө ө о обо ооо с э ө Ө ф э Фф Pet 22 


Пп т total ebsorptio:; coefficient 
І ж energy flumB = intensity of radiation in 
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erys/ cu*-sec. 
К = coustsnt x The product of the energy required 
to produce one ion pair in air 
and the number of ion pairs formed 
in air under ntp іп 1 em? by 1 Pê 
z (32,5) (1.6x10717)(2.083x109) = 0.1085 . 
Thereforo we may write: 
(I)/(r/soc) = k/m = 061083/m m ergs/cem^-r Зав 25. 
In table V we have indicated the I/(r/sec) vulues for 


different energy photons in air and in average bone. 


Table V 
Energy I/(r/sec) values for 
in Kev air averago bone 
10 17.4 229 
20 207.8 17.25 
30 254 od 
40 353 97 
50 391 150 
60 447 209 
70 482 23 
80 507 244 
90 555 283 
100 548 517 
120 582 $45 
270 758 408 


It should be noted that tire values listed in table V 
probably will not conform with the values normally 
encountered in the literature. The reason for this is 
twofold. First, wo have used tho total absorption coef- 
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ficient, m, insteed of subtracting the Compton scatter 
coefficient, m - g3; as is done in the Literature, and 
second, wo have used the lutest absorption coefficient 
values and have made a choice of the best avaliable 
data after compuring the results of the different ix- 
vesticators. These two fuctors may lead to a consiljer- 
able difference in the vulues of table V and current 
values found in the literatures. A study of table V 
makes it clear that the energy flux necessary to pro- 
duce one roentgen in air is considerably less for 10 
kilovolt x-rays ( only 17.4 ergs per em? is required 
at this low energy ) than for 100 kilovolt x-rays 


2 for one roentgen). 


(which require 548 ergs per cm 
And in the case of bone this difference is even more 
striking ( 2,5 as comparod vith 517 ). With the data 
available it is possible to determine the contribution 
of the different components of the x-ray beam to the 
total dosago delivered. An carzample will illustrate the 
indicated method: | 

The relative intensity of tis 16 kllovclt conpO- 

nent of the 100 kv unfiltered beam is 60 (see 

teble IV ). From an extrapolation of the data 

contained in table V we note that the number 

of егрз рег om” required to produce one roentgen 


of dosage in air is 64. Hence we can say that 


= 2 = 
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the percentage contribution of the 10 xilovolet соч- 
ponent to tle total of the beam is (60/64)/7.56 shere 
7.56 18 the swmation of all such components in tne 
100 kv unfiltered beam, The results of all these cal- 
culations are llsted in table VI. 

table VI 
190 kv unfiltered bean 
Nave length Pereentage contribution of Gifferent 


in Angstroms components of the beam to the total 
dosage of the beam in: 


air average vone/air ratio 
bone 
0.16 0.5 1.16 6.5 
„ОО 2.0 5.4 
0.55 4.0 16.3 
0.45 7 55.8 
0.55 10 57.8 
0.65 11 7Y 
0.75 12 79.5 
0.85 15 90.21 
0.95 15.5 92.51 
1.05 12.5 69.41 
1.15 14.5 104.1 


100 650 
200 kv filtered beam 


Q, 10 -45 79.4 1.71 
0.16 55 101.2 
100 17% 


400 kv flitered beam 

0.045 41.5 78.2 1.708 

0.10 58.5 924,6 

We have indicated in tabdie VI tho contribution of the 
different components of the beam not only in sir but 
also in bone, The bone to sir ratio of 6.5 Гог Фе un 
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filtered Wt beaan as compared to the ratio of 1.71 for the 
unfiltered beam is a truer picture of the differential ab- 
sorption of x-rays in bone and air than would be obtained 
by a simple comparison of the absorption coefriclents in- 
volved. Most studies on this subJject content themselves 
by merely quoting the absorption ecoefricients of air, wa- 
ter enti bone and presume thet such information is suffi- 
cient to the clinical rudiologist. 

Е, Multiple Scattyr as Contrusted Against Filtration 

Effect of Bone, 

Selling and Osgood (35) make the statement that 
lymphatic tissue is more severely damayed by external ra- 
diation than bone marrow which is partially protected by 
it bony envelope. It is our purpose to test the validity 
of this statement first from theoretical consideration 
an then through animal experimentation. With the informa ~ 
tion contained in tables FE ana VI and depth dose deta 
normally available in ony me!i1cal journal devoted to ra- 
diolo;y we have determined the depth dose relations of 
the three different x-ray beams used in our experiment. 
The results are tebulated in table VII below and repre- 
sented graphically іп Figure 4. 

Assuming tho x-ray beam first goes through 1 em 
of soft tissue and then passos through 0,5 om of hard 
bone before reaching the marrow, then the bone marrow 
receives 47.2% of the 100 kv unfiltered beam, 89.7% of 
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the 200 kv filtered beam and 97.6% of the 400 kv filtered 
beam. However, it should be noted that these results re- 
fer only to the primary beam and do not take into conside- 
ration multiple scatter. Thus considering only the prima- 
гу beam and single scatter we note that the bony envelope 
of the marrow protects it considerably from reletively 

low energy radiation. Plesset end Cohen have shown recente 
ly (Naroh 1951) that for distances small compared to the 
mean free path of photons the intensity of the bam or ray 
ia accurately given by the transmitted unscattered rudia- 
tion and the singly scattered photons (41). The mean free 
path is defined as the reciprocal of the absorption coof- 
ficient, lfm. They also state that for distances of the 
order of a mean free path and greater the contributions 
from the photons scattered twioe, threo times etc. becomes 
increasingly great. ve have listed below in Table VIII the 
the mean free path for different energy photons, but we 
have listed two sepnrate mean free paths, one being the 
l/m relation and the other, 1/( m= gs). In this case it 
makes a great deal of difference whether we assume that 


m or m - 8 represents the real absorption of energy in 


3 
the human bodys It is not our purpose to recommend whether 
m or 54 = „8 should be used, or whether a value intermei- 
late between the two should be used, However, we have con= 
sistently assumed the m should be used in our thesis, with 
the condition that the m = gS terum values should always 

be included if such substitution leads to significantly 


different results. 
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Table VII 


Thickness of Percentage diminution of energy for: 
soft tissue 100 kv beam 200 kv beam 400 kv beam 


in Cm. unfiltered filtered filtered 

0.5 94 98 100 

1.0 85 94 99 

2.0 69 92 94 

4.0 45 71 79 

8,0 19 45 51 

Table VIII 

Energy 1/m in Cm. l/(m - ,8) 1n Cm. 
in Mev water average bone water average bone 
0.02 1.3 0.16 
0.03 3.0 0.32 5.6 0.54 
0.10 6.7 2.92 41.1 11.5 
0.30 9.6 4.9 56.4 18,2 
0.50 11.6 6.0 55.5 18.0 
1.0 16 8.4 56,4 19.1 
5.0 58 1.9 57 28.6 
10 50 26 68 51 
15 58 50 
20 62.5 52 74 55.8 
50 67.5 51 74 32.7 
40 69 50 75.5 50.8 
50 70 29 71.5 29.7 
100 69 27 66.7 27.0 
0.022 1.47 0.18 (100 kv Beam) 2.0 0.1.5 
0.095 6.25 2.93 (200 kv Beam) 41.7 20.0 


0.175 7.15 5.50 (400 Ку Веам) 41.7 51.2 


If we accept the work of Plosset and Coehn as re- 
ferenced above, then we must assume that the multiple scat- 
ter is inversely proportional to the energy of the incident 
radiation and directly proportional to the thickness of the 


absorber. We note that if the multiple scatter is reduced 
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then the degradation of onergy 1s reduced and this de- 
oreuses the probability of photoelectric absorption by 

the caloium of the bone. If superficial x-rays or Grenz 

rays ( 10 kv or less ) are used they cannot penetrate very 
much to do any appreciable damage to bone. If high energy 
x-rays are used ( from 1 Mev to 25 Mev ) then the multiple 
scatter is kept to a minimum and the bone is not damaged 

to any greater extent than the soft tissue elements. How- 
ever, if x-rays of an intermediste energy are used such as 
50 kv to 800 kv (especially if the beam is not filtered), 
then the bone receives maximal dumuge as compared to the 
soft tissue. This is because the іпбегледілше energy x-rays 
are scattered a number of times after they penetrates into 
the body and this causes a great reduction in the energy of 
the primary beam, hence the probability of the photoelectric 
absorption in bone increases fifteen-fold over that of soft 
tissue since the bone contains a largo peroenta;e of calcium 
(Z2 2 20) as compared to soft tissue ( where the highest 2 
is eight normally ). It is the main purpose of this thesis 
to suggest to the clinical radiologist the type of x-ray 
beam to use in order to reduce the damage to the bone while 
doing maximal damage to the soft tissue tumor elements. The 
previously mentioned experiment of Wynen in 1929 (as report- 
ed by A Desjardins(3) ) seems to confirm the contention of 
Plesset and Cohen concerning the extent of multiple scatter, 
because Wynen was able to show experimentally that seeds in- 
Closedwithin bone received more damage when irradiated as 
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compared to seeds inclosed in muscle end receiving the same 
type and the same dose of radiation. This fact suggest that 
the filtration due to the bony envelope as susgosted by 
Selling and Osgood (35) does not give the complete picture 
of radiation damage, but that tle radiation damuge produc- 
ed by secondaries ог by multiple scatter must bo taxen in- 
to consideration, and it is our contention that for low or 
intermediate x-ray energies the excessive biological damage 
produced by multiple scatter overcomes any beneficial effect 
of filtration as calculated from the primary beam and single 
scatter. 

Since multiple scatter is proportional to the thick- 
ness of the absorber, we decided to use dogs as the experi- 
mental animal rather than guinea pigs, mice or rabbits. Also 
the hematological response to radiation exposure of the dog 
is quite similar to that of the human being, but this 15 
not true forr abbits and other small animals normally em- 
ployed in biological laboratories. 

We believe that despite the work of Wynen, and des- 
pite the calculations of multiple scatter by Plesset and 
Cohen, a quantitative formulation of multiple scatter has 
not yet been developed. It is because of this that we de- 
cided to actuaily test the filtration vs multiple scatter 


effects experimentally in test animals. 
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Animal Experiayntytion 
A total of врео dows were usei for the ex- 
periment. The dogs were irrudiated with three (ifferent 
vems of x-rays. The detsils of the quality ofr edia- 
tion 1s given in the diseussion of each individusl dog. 
In every case the irradiation was local. When the front 
legs of the dows were exposed, the center of the beam 
was made to impinge unon the center ofthe radius and 
the ulna. In each case the exposure was upon the later- 
al surface. Mhen the hind legs were exposed the center 
of the beam was made to impinge upon the center of the 
tibia, and the exposure was upon the lateral surface. 
Total blood counts were made uvon the dogs before and 
after exposure, It was found that this type of local 
irradiation did not effect the blood count at all if 
the rest of the body of tne dog was well protected with 
0.10 inches of lead. In the case of the first dog cited 
below there was a decrease in the total white blood 
cells, but it was found that this was due to inadequate 
shielding. shen the body of the dog was completely 

and thoroughly sovered with 0.10 inches of sheet lead 
there was no change in the total blood count even when 
the dose was increased to 2000 г. Te have indicated be- 
low first the dotails of irrediation of each dog and 
the macroscopic effcers of radiation upon the bone as 
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indicated uring autopsy, ànd following this wò have indi- 
cated some of #ha histolopictl affects of radietion upon 


bone. 


1. Details of the Ийса of Irradiation of the 


т? 


Different Dogs and a Stuiy of the Nacroscoplc Effects of 





Local Irradiation Upon the Eones of the Dogs. 


Dog # 9675 
220 kv x-rnys with 0.5 mm Cu filter, Ғай 25.4 


Gm., 492 r / 4 minutes given to the front right leg, 984 
r / 8 minutes given to the hind richt leg. Dog sacrificed 
49 days after irradiation. Epilation of the right hind 
leg fourteen days alter irrediation, recovery 28 (ays 
after irradiation. Upon autopsy the organs were normal in 
gross apoearance. The right anc left radius were cut at 
the center at right angles to the long axis of the tone 
for histological study. The cortex of the bone of the right 
leg aS compared to the left leg did not indicate any thick- 
oning. Tho bone marrow appeared to be yellow to yellowish 
red and fetty with some evidence of capillaries or blood 
vessels present on the endosteal surface of the diaphysis. 
There was no difference in the gross appearance of the 
bone marrow in the irradiated right loss as compared to 
the non-irradiated left legs. 

Dog # 9867 

90 kv x-rays without filter, fsd 25.4 Cm., 462 r 
per four minutes to front right leg, 924 r / 14 minutes 
to right hind leg. Dog sacrificed 65 days after irradia- 


tion. Epilation of rizht hind leg 10 days after irradiation, 
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ресоуигу сэар1ебе 60 dgys aftor irraslation. Ife gross 
appenrance of the organg turing autopsy was normal ех- 
cent for tixe spleen which таз slightly enlarwed. Tne ra- 
dius wis cut in the center and the appearance of the 
marrow ald the diaphyseal shaft ( bo ne cortex ) of 
the irradiated right radius was compared with the control 
left redius. This comparison brought out a striking dif- 
ference. Tne diaphyseal shaft of the right radius showed 
a marked thickening which was clearly evidencéd to the 
naked eye.The thicxening took place at the expense of 
the bone marrow. This thickening was not evident in the 
control left radius. The marrow in the center of the 
right redius was white, hyaline or gelatinous in T 
nd dry аз compared to the yellow to yellowish white, 
fatty and moist marrow present in the center ofthe 
unirradiated left radius. An interpretation of this may 
be that tne low kilovoltase x-rays apparently produce 
a more profound effect upon the bone and the kne mår- 
row as compared to the relatively higher kilovoltage 
and filtered x-rays. -his may be due to multiple seat- 
ter being present to a greater extent in the Low kilo- 
voltage,unfiltered beam as compared to the relatively 
high kilovoltage, fiitered beam. X-ray pictures of the 
cross sections of the aiaphyseal shafts of most of the 
dogs have been taken an2 sre indicated in figuree 5. Af 
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Рой # 9856 

499 ху x-rsys with 2 mm Cu f/ 1 un Al filter, 
Psd 88,5 . §00 r / 9 minutes to front right leg, 
1000 r / 18 minutes to riwht hind lew. Dog sacrificed 
30 days alter irradiation. There was по sign of any 
epilation or even erythemal effects during the thirty 
days before autonsy. The organs appeared normal during 
autopsys The cortex of the ri@ht radius tas the same 
thickness as the cortex of the left radius, ihe same 
applied to the irradiated and control tibia of the 
hind legs. The bone marrow of the rignt legs corres- 
ponded to the bone Marrow of the Left legs as far as 
visual examination was concerned. 

Dog # 144 B 

400 kv x-rays with 2 mm Cu / 1 mm Al filter, 
fsd 38.5 cm.,1500 r / 25 minutes to front right leg. 
Epilation in front right leg 32 days after irradia- 
tion at which time the dog was sacrificed, Orgens ap- 
peared normal during autopsy. There wes no noticeable 
thickening, of the right radius bone cortex over that 
of the left radius,but the marrow at the center of 
the right radius was dry as compared to that in the 
left radius. The marrow in the center of the left ra- 
dius was yellow, fatty -nd moist and appeared normal. 
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Tho маглом Ln Su PLDA redius wor mot only dry but 
1% lac shored arouse vùlch seommd to be evecuoleted. 
Dog £ 145 B 
1200 kv x-rays Without fllter, fsd 12,8 Om., 

1500 г / 2466 minutes tco front right leg. Dog sacri- 
ficed 35 days after irrediotion. Bpllation 12 Guys 
after irradietion, thia was then fol owed by aweiling 
Жа the front right Ing. There was no recovery of the 

Lling or epiletion ofthe front right leg 55 days 
after irradiation at whic!, time the dow was sacri- 
ficed. Autopsy brought out consideretle abnormclity 
in the organs probobly dua to an acecldent to tho dog 
@ considerable peried sefore our experiments began. 
The spleen of the dog wes Jivided and the left ikid- 
ney showed a constriction in the middle. There was 
no noticeable thicrening of the right radius cortex 
ofer that cf the left radius. The marrow in the right 
ridius, however, was ігу, evacuolated and shrunken. 
The warrow in the left raftius wis yellow, fatty and 
moist and aypoured to be proront in greater amount 


than in the right radius. 





LOO kv x-rays without filter, fed 12,98 Ow, 


1900 r / 33 minutes to front right lege Dog was sac- 





Pifliced Ez duys after irradiations Complete alopecia 
and neorosis of the skin occurred 10 days after ire 
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Padiuiion. The skim 500531:10nm deteriorated uatil the end 
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dug ot which Lies tho lo, mie geerificec, “he organs ape 
pesred normal Jurihg sulopsy axcept for a 9435016167 in 
the &®11 nla@d@or, mero чаз а significent taiceening of 
thé right radius вв compared to the left railus cortex, 
Ap&iíin this thicreniug sewumdd to бо at the expense of the 
Боне murrow eatiier than © thickerntng of the exterm:l] 4ia- 
moter cf tne sghelft. The dlaphyseal marrow at the concer 
of the right redlus wes yellow, dry and evacuolated, Dut 
thet of the left radius was 791104, moist and fatty. 
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This «hs a coutrol dog. Autopsy showed normul org^*nse 


Tho vone Marrow wes yellowish tinting toweris reddish 
yellow at the eptphyweal aurfece of the shaft. The map- 
row was fatty, moist and did not show any vacuoleg. 

Dog 7 555 8 

400 kv x-rays without filter, fsd 20,25 ome, 1100 
т / 4.5 minutes to right front leg. 100 kv x-rrys with- 
out filter, Tsd 28 Cm, 1135 r / 14 minutes to front 
left leg. Dog sacrifices 19 days after irradiation, 
Ко epilation up to time of uutopsy. Autopsy normale 
The right front leg which received the 800 kv x-r&ys 
had © yellowish red marrow Which wes moist but highly 
evicuolates, There appowre 1 to be no visible thicevening 
of the cortex of the ъс: а at the counter of the righ 
rādiuss The left redius, Which was irradiated with 
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LOO Kv x-rays there sus 3046 visloio evidence of Uho 
thickening of tne cortex at the center of the rignt 
radius, but there was some jyuestion что ег this was 
due to the wnite gelatinous marrow or actually aue 
to osteitis (caicifieution). iwnee, x-mmny pictures 
were made( seo figures S and 5 a ) whlch indiceted 
that this was not true Liucrease in the width of the 
cortex of the radius. It shuld be motot that oniy 
ten days naa elapsed veteten irradiation end autopsy 
in the cese of this dog. ence it is assumed that true 
incresse in the thicxnees of the shaft of the bone 
Océeurs after moro thar ten daya from dete of irradia- 
tion. Since uog | 9867 showed this effect 65 days af- 
ter irradiation and dog 142 B showed this effect 32 
days after irradiation ( vut with 4 times tne dose 
administered tc dog # 9867 ), we suggest thet this 
‘productive osteitis! which tends to thicken the core 
tex of the bone ut the expensa of the bonoe marrow 
occurs a pproximately a month after irradiation for 
the order of magnitude 21 the dosage used here. The 
marrow of ine icf' rudíus was yellowish white in ap- 
pearance, dry and very much reduced in volume, 

рор ў 564 В 

180 ку x-ray8 vlt.out filter, fad 29.0 Cm, 
452 r / 6 minutes to freat right leg. 220 kv with 
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lam Ot / Focus S filter, ful 10 Om, 445 r / $«5 
minutes to гла frent left 100. Dog decrifieced ten deye 
after 1гть tations Ио epllwtiom. Avtonay errand. “ere 
wos ty thickening of tle cerber of thea left ov right 
rhàlus Uhat cculd bé ob&erved visually, Marrow of left 
ama right lege quite siwtlar with the erzcoptlon tnat 
tné right leg surrow in somewis?’ sore reddish in color, 
net d^ dry and mot vecucleted to the same oxtent as the 
Morrow of tho lart radiuss 

Dog # 957 В 

lOG kv x-rays without filtspr, Гза 2355 Омь, 612 
p/ O minutes to fremt left leg, 2109 F / 6 winutes to 
297% hind Log. 200 Бу хегіув, with Luoreaus »$ 2 filter, 
fod Chel Om, 600 r / 15 minutes to right front leg. 
Dog sacrificed 7 cays after irradiation, Autopsy not 
performed. Пе four legs cui out and the redius, ulna 
em) tibia etudied. The radius end ulna of the left 
leag seoanei to be slutlar in every respect to the rudius 
and ulna of the rieht loge This wustrue with respect to 
the thickness cfthe cortx and the lature of the nar- 
row as fap ас vieusl examiniriicn could revealelut there 
моя ü slight Wifference in the apperrance of the marrow 
of Gan left aie right hin@ legs ( tibia ). In the right 
tibia the arrow wee moist, fatty end yellowish white in 
@olor, In the left tibia ive merrow was yellowish red; 
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dry and Саөвгсв wWeéisome 093denóc oF tee buglüring of o4 - 
teitiíis, The thlokness of vs Left апа right tivia shored 
no visible uiiíference. 

Jog 6 958 Б 

LOO KY x-rays wlinout filtsp, (932 52.7 Om., 
1655 r / l4 minutes to rint front leg; 200 nv x-rays 
with Thoreaus У 2 filter, fed 4.0 о», 1940 > ӛз іш>- 
nutes to the left front lege Jog sacrificed 7 days of- 
ver irradiation. here sédmeii to be wo Jifftrence in the 
apptiurnnce of the cortex cof the bones nor in the mrrrow.e 

Dow # 939 B 

200 KV x-rays иіс Inopoavus p 2 filter, fsc 234,2 
би., 1200 г / 20 mirutes to loit front log, 1500 г / 20 
minutes to left hind leg. 100 kv x-rays witbout filter, 
fed 24.5 Ome, 1300 r / 15 sinutes given to the right 
front and the right hind iegs. Jog secrificed 7 days 
after irradistion. In this case there seomed to be a 
more significant change іп the НО kv x-rays аз солригеа 
to the effeet produced by (һе 220 uv filtered x-rays. 
The marrow of the left pacius was consideratly redser 
than the marrow of the right radius. ihe marrow of the 
left tibia was similarly redder than the marrow of 
the right tibia. ‘here was no visible thloxonin; c2 
the left cortex as com red to the right one. 

A review of the anoveementionei gross changes ob= 
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BarveáA uring mutasi brings out Wo sliiuifioent fact 
thet there lo 275 prilohe thiabruing ef th" со» 
tux of 412 rüdiug& hono when Lf ia ircvdieted with low 
Voltage unfiltered x-reye which lhooomms increcsingly 
evident wit tho pazeaga of tive from the initial dyte 
of israGiation. This some thicktering wee not observed 
for the higher voltwer filtered rays used in the dosage 
rouge of our experioent. Зо believe th t we hevo denons- 
fee pethips Гог tmo first time im the literature tet 
low vcltase “reys herve а wore orofound biological effeet 
thet 64911019 ВТ voltage, flitered ways, 
$.  Ningtclogioal Studies 

Since thero were o0 f-ellitíes in thin area 
1o stuly histclogice@ily tite undecwlcified hones, we were 
ferced to esree to have our bone eymiles decelcified and 
pre@pefed for histologic:] studies, The results veré ox- 
tPemely diecpyocinting tn that the clectrical nethod of 
decelcification worwed only partially on the bone samples 
of our experimeut. This necessitated tne uss of nitrie 
aeid to decaicify some cf the bones, aii in some causes 
one bono satyple wea put through Doth the electricrl and 
echemicul metho! sf deealcification. Hence we wore not 
Bele io optwln uelform deceleificetion, Worse than that, 
tie sO1e'!voly all vvas: sections of thë radius of the 
bone, тимек we tind nope. to get im one slid for study of 
endosteal and pericatee] surfeces cf the bone, were chipped 
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and Severeü and рота по reiation to any revcoenizatle 
Surface of tie бона, ho shilus Of Lone Marrow could 

be preparea fur adequate Study. It was in view ol these 
disappointing factsthat we deciuea to repwat (ле охре- 
ximont with the lest tmree uogs mentioned avove ( Dogs 
ў ©578, ЭЗӘВ, ад 5558 ). However, aue to the shortage 
of time the dogs were sacrificea seven days after irre- 
ufution solely tor the purposé of studying the effect 
of the quality of radiation upon the bone marrow for 

we realize thut calcification probably would manifest 
itself in à period of months rather than days. The re- 
sults of the eirt dogs of the ear.ier part of the ex- 
periments can be summarized simply as foliows: 

Some aeaa osteocytes in the lamellae, empty 
lecunae und золе disáppearance of canalicull in the 
irradiated sanples as compared to unirradiated bone. 
However, tuere was no nistologleally noticeable chnages 
octween the low voltage unfiltered x-rays and che re- 
latively high voltage filtered rays used in the irra- 


diation of bone. 
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Be Backscatter ond Port Size Studies 
1. 200 ку with Thoresus ; 2 Filter 
Using the Victoreen r-metor the following roe 
sulta перо Обои и: 
а Гог Dargo sort Síse ( 10 Om im digueter) 
rF-metor reudinji 1ї віг ........».. 100 %, 
sume but with wood Боскаса ег ... 117,15 % 


sasze but with wood & Al Backscatter... 11866 $ 


= 


game but with wood & Pb JacKkscriter.. 1084.5 
b. Por Small Fort 5ize ( 4 Om in ilamter ) 

Pots? redding In БАР Ф... че... 1090 

заме but with wood baoXscottdP ...... 10240 


замә but with wood & Al Davwscatbor . 10964 


Жала ЭА з 


Same but with wood and PL 105.0 


2. 100 Еу without filler 


Aas For [Dabra Pert Sis 


wA 


г-лебет resdine іп eir эъ еее о ооо ооо 2:20О 


зато but З wood b сес 51 С *® ә = ө е 109.5 


за м 


зате but with wood & Al backscatter 128040 
b. Pör Small Pert Size 

remeter r5ading in si ...........»»» 120.0 € 

same but with wood backme@titer ...... 109.5 $ 

Samo but with wood «nl 41 " e. OED S 

In all Боскзеяфьаг зов tee Dawe “ез A{Tacted 

normal to the béckscausturîng wwutéarlvl, Sheats of Alu- 
mina and les) Were “laced on wood ani thts te termed 
ebove @#¢ the becitycotter from Vood Immi Alusti or 


from wood and Lead. The sheet metals were 0.5 Cm in 
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width, and they were circular in shape with a dia- 
meter of 10 Cm. The wood таз 5 Om. in thickness. 
Tt shoulfi be noted thet tre басе Таг TANS 
cons?tdarebly гт4ӛпсей «е the cort size sos decreaséd 
and that this effect wes more pronounced in the 
200 kv filtered x-r&y beam &s compsre. to the 190 
ку unfiltered beam. Sinee the backscwettered beam 
must be considerably déersdled ir. ensrey it would 
do considerable duimage to k me) especially to su- 
perficial bone, Juch as the bones of the skull or 
hanes. The bones imbedded well in soft tissue may 
egeape iniury fram this type of beckscyiter Aue to 
the fact that the low епегсу backscattered rajs 
probably cannot pénetretie many centime@tors of tis- 
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1. А review Oi (446 Litera tugt indion. oa Вы û . ough 
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it had been recognize that Lone ekacrbs мого сачгоу than 
801% біззле there was по elser cut evidence ol tip rela- 
tive redicsensitivlty of Sune, по ALStologicel eviceuce of 
irraniation dwnewe бо Done ( external Lrenulation), and 
cértainiy mo evidence ef іле Samaging offect of low vol 
tawé Х-таҙз ав зӛгпгегей іо (е 1ө56 Әомәкіпа wfiecet of 
hign energy, fiitwrod x-rayse 

2. We heve réviewea tne validity of tue diflereat 
absorption-scattcer processes. This has led us te a cri- 
tigiem of the use of vme concept af "effeclive atomic 
numbers” for compounds usel 48 uvsorbdrs.s, (с have recom- 
juaded that from û Xnowledge cf the chemical composition 
of a cOmpourni it is possitlée Lo deteraAine the totuwl ab- 
sorption coef iecient ef the cospound. Simple ealeulstions 
are made and examples given Llu graph form. “e have come 
pared the absorption coertieteuts obtained by tire various 
investignutors ani chesen the work of cohn A Victoreen Гог 
low energy photons and the comprehensive worn el snyder 
for high energy photon absorpuion, 

Se We have Made а detailed study of the energy врве- 
trum of tho different x-ray beams usod in our experiment. 
It is our opinion that this leuus to more accurzte cilcu- 
lation of absorption than by merely using the average or 
mean energy of an x-ray beam obtained from a knowledge of 
the half value layer (HVL) of the beam, which at best would 


give an order of magnitude answer to the absorption prob- 
56 
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lem even for s hswageneous Трлапбот!. Тһе HVE, ог вуегане 
energy of Mm beam Î® hopelesslig inadeqguate for study of 
absorption in an inhomogetieous medium such өз soft tlssue 
and bone. The detailed energy spectrum of the different 
beams brings out the fact that tho ratio of the energy 
absorption in bone аз compared to soft 'issue is 6.3 for 
the 109 kv unfiltered x-ray beam, 1.71 for the 9002 kv 
filtered beam, #nd 1.708 for the 40) kv filtered beam. 
4. The recent york of Plesset and Cohen shows 
that multiple scatter is proportional to the reciprocal 
of the linear absorption coefficient. Mence to reduce 
multiple scatter We should either use very thin absorb- 
ing media or energetic rays. The low voltage y-ray beam 
із degraded in energy by the extensive multiple scatter 
and this increases the probability of photoelectric 
capture by the calcium of the bone. The damage to bone 
caussd by increased scatter cannot be calculated 
theoretically hence we have attempted to »rove our point 
by animal experimentation. The filtration of x-rays 
by the bony envelope of the bone marrow is a maximum 
for the low voltage unfiltered beam. However, the in- 
creased biological damage produced by multiple scatter 


works against the beneficial filtration effect. Since 
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this cannot "e studied entitutively we hove acein rogort- 
ed to aninnl &xporinentetíon to determino tne quostion 
frou the presence or sbuenco of biolorical demage to the 
бот» marrow, 

5. “he animal experimentation bas brought out the sig- 
nifiesnt feet that low voltege, wiflitered radietion in- 
crevmes tne cortex of the bone at tha orpense of the bOne 
marrow euvity,. This wes observed in two experimont.1 ani-~ 


Wels, 65 ond 52 Gays ufter irrwdialion, This effect was 


“ 


net observed ín any of the enimals irradicted with the 
réleatively high voltage filtered х-геув, Dawige to the 
bone marrow seemed to be proportional to the thickening 


( 


of v^e bone cortex ovodluced, 
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УТ. KRaCOMMANDATIONS 

It 1s recouménüdeé! th-t in ordbr to cause міпіта) damaie 
to boné while ітеейізбсіпг sort *tiseue tumor elamenta, rele- 
tively high voltage r-reye be used Sith а шахіттіп ОП filtre- 
tion and With @ seal! port size (to reduce backecatter to û 
minimum). 

As ТГ the tone iv imbedded dowp in the sofi tissues of 
the body, such ай Uh» pelvic bone, vell coilisated oe&ms of tne 
22 Mev betatron #oul’d cause minimal Зелаее іо te оова as com- 
pared to soft tissue elements. 

Be If the рове is wear thé surfece of the body, such as 
the bones of “ve hena or the cealvariuh etc., 1 Mev, weil 
filtered x-rays should Бе Used with small port size, In Ehe 
event that radioisotopes wre usen, any isotope @which puts out 
monoermic gamma rays of approximately 0.5 Mev is recommeaden, 
gold 198 1s a wood example of the type of radiolgotonpe tnbt 
may be used since it prodvees 4 Mohoergic game rey of 2.411 
Mev energy. This gomma ray Will vo through superficial bone 
SI out multiple scatter, but its emmrgy if still within the 
range Where some beteficial shielding of the бога мерго« мау бе 
obtained through whe 'flitration! process, However, the 5.7 
day half life muy ігірофс some prac:ical restrictions Lo he 
external use of Gold 198. 

0. If the bone i4 in an intermediate nosttion (not Syper- 
ficial nor very deen iv the body), then it if recowtenfled thet 
Cobalt 50 be uséd. The ата rays of OCooglt 50 &re 1.17 and 
1.35 Mev. А Well collimated *-raj beum which is hichly 


filtered and hich hës en average @rérey of 1 Bev may «lao be 
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used provided Ene port size 19 amsll. Radium ið wet recom- 
mended because of tno wide runes of umra enarzy nnstons in its 
equilibriws decwy products (9.184 Mev to 4.198 Mev). 

р. The 4bDove récoxeudatiíons ere pasad upon the Pact that 
for bónb пай’ Ш gurfece ОТ the body .he mean free pith of 
incidewt ra@iation more nearly avproxigatas « value inter- 
“edinte between 1l/m and l/(m- - 45), refwr*nee Table VIII. For 
tnis reason 1108 0:411 Pev game rays of Sold 196 (or 9.5 Mev 
жатые rays from any redíoisotooe) is considered the best source 
of irradiation exteariual to Ene body., For bone deeply imbedded 
in tid@ue, it iw pra@umed that the mean free path of the 1ncí- 
detit rugiation is given Бу the 1/m valve, hence the x-rays from 
the (72 Bev betatron were recesmended, since at this high enersy 
the meal free path is г maximum (in Боп») as shown in Table 
VIII, For bone thet Le intermeiiate between the suneri icial 
4nd tlie deeply imbedded cases, ti «<stme rays from Cobalt 30 or 
its Mquivalent were recoritMended, оесаыяо the mean free gath for 
this tywe of raiiation Is suftictm.t vo produce oniy single 
scatter, ani titre is ïo point in usin, more penetrating ra@dia- 
tion. In all of the above-mentione! rtcowierniatiols it has been 
assumed that the beams will be ver), small in crost section, well 
collimatel, ani that the truror вгоа would ve attacked from 


differeut ilirections with a number ot such beams. 
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